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Abstract 
To gain insight into the regulation mechanism associated with the rapid gain in skeletal muscle 
during neonatal period, gene expression profiles of skeletal muscle of nursing pigs was in-
vestigated using Affymetrix Porcine GeneChip. A total of 1094 transcripts were detected as 
differential expression over time course tested (p<0.01, q<0.05). With combinative use of 
partitioning around medoid and hierarchical clustering, three clusters of transcripts with 
distinct temporal expression were defined. Gene functional categories and pathways, par-
ticularly involved in cell signaling, cell cycle, cell adhesion, ECM-receptor interaction, glyco-
lysis, protein synthesis and degradation, and intracellular transport, were identified. More-
over, we showed 49 of the differentially expressed genes within published QTL regions or 
with marked deletion effects. Our study demonstrates previously uncharacterized changes in 
transcription accompanying early postnatal growth of skeletal muscle of pigs. It has highlighted 
potential  cascades  and  important  candidates  for  further  investigation  on  controlling  of 
postnatal muscle growth. 
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Introduction 
Postnatal  growth  of  skeletal  muscle,  which  is 
achieved mainly by an increase in size (hypertrophy) 
of existing myof i b r e s ,   i s   k n o w n   t o   b e   a   m a j o r   d e t e r-
minant of meat mass. In particular, quality characte-
ristics of the saleable meat are influenced by growth 
during postnatal period [1]. The relationship between 
muscle mass and postnatal growth is well illustrated 
by  the  observations  that  domestic  pigs  selected  for 
muscularity exhibit higher gain in muscle mass re-
sulting  mainly  from  accelerated  myofiber  hypertro-
p h y   a n d   i n c r e a s e d   p r o t e i n   a c c r e t i o n   c o m p a r e d   t o   t h e i r  
wild ancestor [2]. Hence, detailed knowledge of  mo-
lecular p r o c e s s e s   t h a t   g o v e r n   postnatal muscle growth 
as well as myogenesis  is  of  agricultural and medical 
importance. 
The molecular mechanisms for postnatal growth 
of skeletal muscle have not yet well been elucidated. 
Previous studies focused investigation on the rapid 
growth of neonatal skeletal muscle of pi g s   d u e   t o   its 
ability to markedly increase protein synthesis in re-
s p o n s e   t o   f e e d i n g ,   a   r e s p o n s e   t h a t   d e c l i n e s   r a p i d l y  
with  development  [3].  These  works  identified  com-
ponents belonging to insulin and amino acid signaling 
pathways  that  lead  to  translation  initiation,  and  ex-
amined ontogenic changes in protein abundance and 
activation  of  the  components  that  contribute  to  the 
developmental changes of muscle protein synthesis. 
However, the relationship between postnatal muscle 
growth and gene expression through the analysis of 
the transcriptome have never been investigated. 
This study used Affymetrix Porcine GeneChip to 
acquire  a  comprehensive  picture  of  transcriptional 
a d a p t a t i o n s   i n   s k e l e t a l   m u s c l e   o f   n u r s i n g   p i g l e t s   a n d ,  
subsequently to identity genes that may play impor-
tant roles in the growth of neonatal skeletal muscle. 
Material and Methods 
Animals and muscle sample collection 
Three  boars  and  three  sows  from  China  indi-
g e n o u s   b r e e d   R o n g c h a n g   w e r e   m a t e d .   T h e s e   b o a r s  
and  sows  have  no  common  grandparents.  All  sows Int. J. Biol. Sci. 2010, 6 
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were fed in the same condition (ad libitum access to 
w a t e r   a n d   f e e d   c o n t a i n i n g   1 6 %   c r u d e   p r o t e i n )   a n d  
p i g l e t s   w e r e   w e a n e d   a t   2 1   d a y s   p o s t n a t a l .   O n e   boar 
piglet abo u t   t h e   s a m e   w e i g h t   f r o m   e a c h   o f   t h e   t h r e e  
litters was sacrificed at 0, 7, 14 and 21 days of age, in 
compliance  with  national  regulations  applied  in 
commercial  slaughtering.  Immediately  after  slaugh-
ter,  longissimus  dorsi  (LD)  muscle  samples  were  re-
moved, and frozen in liquid N2 until use. In total, 12 
muscle samples were collected (3 biological replicates 
× 4 stages). 
Microarray hybridization and data preprocessing 
Total RNA was isolated from frozen tissues (50 
m g )   u s i n g   T R I z o l   r e a g e n t   ( I n v i t r o g e n ,   C A ,   U S A )  ac-
cording to the manufacturer's instructions. Total RNA 
concentration  was  assessed  by  spectrophotometry 
( O D   2 6 0   n m ) ,   a n d   p u r i t y   a n d   i n t e g r i t y   o f   t h e   R N A  
were determined by the absorbance ratio at 260/280 
n m   a n d   v i s u a l i z a t i o n   a f t e r   a g a r o s e   g e l   e l e c t r o p h o r e-
sis. The RNA labelling and microarray hybridization 
w e r e   c a r r i e d   o u t   a c c o r d i n g   t o   t h e   A f f y m e t r i x   E x p r e s-
sion Analysis Technical Manual (Biochip Corporation, 
Shanghai, China). The arrays were scanned using the 
Affymetrix Scanner 3000. 
R a w   d a t a   f r o m   t h e   . C E L   files were converted to 
gene signal files using MAS 5.0. The expression data 
were loaded into GeneSpring GX 10.0 software (Agi-
lent Technologies) for data normalization and filter-
ing. Gene detection call (present, marginal and ab-
sent) and expression levels of probesets were deter-
m i n e d   b y   c o m p a r i n g   t h e   p e r f e c t   m a t c h   ( P M )   a n d  
mismatch  (MM)  probe-pair  data  also  in  MAS  5.0 
(Wolcoxon signed rank test). In our data, if a probeset 
had more than two present calls at least one age in the 
triplicate detection data, corresponding transcript was 
considered as expression in the muscle transcriptome 
and kept for further analysis. 
Statistical analysis of microarray data 
Normalized expression data of each transcript 
was subjected to log2 transformation. An analysis of 
varianc e   ( A N O V A )   t e s t   w a s   u s e d   t o   i d e n t i f y   g e n e s   o f  
significant expression over neonatal ages in R soft-
ware, with age as a fixed effect. QVALUE was used to 
obtain false-discovery rates (FDR) [4]. As an alterna-
t i v e   m e t h o d   f o r   t h e   d e t e c t i o n   o f   d i f f e r e n t i a l l y   e x-
pressed transcripts, deriving p-v a l u e   f o r   e a c h   p r o b e-
set was calculated using sampling and residual shuf-
f l i n g   p e r m u t a t i o n   a p p r o a c h   i n   R / M A A N O V A   s o f t-
ware [5].   F a l s e   d i s c o v e r   r a t e   ( F D R )   w a s   c o n t r o l l e d   b y  
Step-Down method  and the  FDR-adjusted permuta-
tion  p-values  were estimated following 10000  itera-
tions.  The  resulting  lists  of  differentially  expressed 
g e n e s   f o r   e a c h   o f   b o t h   m e t h o d s   w e r e   c o m p a r e d   f o r  
overlaps.  
Real-time quantitative RT-PCR 
Microarray  results  for  the  transcript  profiling 
experiments were validated by real-time quantitative 
RT-PCR (qRT-P C R ) ,   u s i n g   S Y B R ®   P r e m i x   E x   T a q T M  
II kit (TaKaRa, Japan) on the same RNA samples used 
for  the  microarray analyses. Primers were designed 
o n   t h e   c D N A   s e q u e n c e   t o   a m p l i f y   f r a g m e n t s   o f   9 9   t o  
144 bp (Table 1). Reactions were performed in tripli-
cate in a total volume of 25 μl. Melting curve analysis 
(60-95°C) was used for assessing amplification speci-
f i c i t y .   A   s t a n d a r d   c u r v e   f o r   a n a l y s i s   o f   t h e   e x p r e s s i o n  
data was derived for each single gene from a serial 
d i l u t i o n   o f   t h e   p ool of cDNA samples. The endogen-
o u s   c o n t r o l   g e n e   r i b o s o m a l   p r o t e i n   L 3 2   ( R P L 3 2 ) ,  
which showed no significant variation in our micro-
array data, was used. Relative expression of each gene 
was determined using the 2-△△Ct method [6]. Statistical 
analysis was acc o m p l i s h e d   a s   d e s c r i b e d   f o r   m i c r o a r-
r a y   d a t a .   P e a r s o n ’ s   c o r r e l a t i o n   c o e f f i c i e n t   w a s   f u r t h e r  
calculated  for  each  gene  on  the  normalized  data  to 
quantify the consistency between microarray experi-
ments and qRT-PCR. 
 
Table 1. Primers for qRT-PCR 
Gene symbol  Gene name  GenBank  Primer sequence (5'-3')  Size (bp) 
CDKN3  Cyclin-dependent kinase inhibitor 3  NM_214320  F: AGCCTATTGAAGATGAACAAACTCC 
R: CAACCTGGAAGAGCACATAAACC 
100 
MEG3  Maternally expressed 3  NR_021488  F: ATAGAGGAGGCAGTCGGCAAA 
R: GGAGTGCTGTGGGAGAATAAATG 
110 
PTEN  Phosphatase and tensin homolog  NM_001143696  F: GAAGACCATAATCCACCACAGC 
R: TACACCAGTTCGTCCCTTTCC 
129 
PIK3CG  Phosphoinositide-3-kinase, catalytic, gamma 
polypeptide 
NM_213939  F: GGAATAGGCGACAGACACAATG 
R: GTTAGCACAAATGGCACCCTCT 
137 
PDK1  Pyruvate dehydrogenase kinase, isozyme 1   NM_001159608  F: GTGAAGATGAGTGACCGAGGAG 
R: CCATAACCAAAACCAGCCAGAG 
134 
4EBP1  Eukaryotic translation initiation factor 4E bind-
ing protein 1 
NM_004095  F: CTGGAAGAGCTAGAGGACCATTC  
R: ATGAACACCAGCGGATACCTC 
144 
mTOR  Mechanistic target of rapamycin  NM_004958  F: CTCGTCACTCCTCTCAAC 
R: CCGCTTCCTTATGGTTCT 
99 Int. J. Biol. Sci. 2010, 6 
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RPL32  Ribosomal protein L32  NM_001001636  F: CATACTGTGCTGAGATTG 
R: CTGGAACTCCTGTCTATT 
141 
 
 
 
Annotation and cluster analysis 
The  Affymetrix  consensus  sequences  used  for 
probe  design  were  aligned  against  human  Refseq  or 
nr databases (http://www.ncbi.nlm.nih.gov/blast/). 
T h e   h i g h e s t   s c o r i n g   h i t   w a s   u s e d   a s   t h e   b e s t   h i t  
(E-value  <  e -10).  For  sequences giving no significant 
hit, the corresponding TIGR tentative consensus (TC) 
contig  (http://www.tigr.org/tdb/tgi/index.shtml) 
was used instead and aligned against human Refseq 
or nr databases again. Affymetrix Porcine GeneChip 
probes  were  thus  assigned  with  human  accession 
n u m b e r s   b a s e d   o n   h o m o l o g y .   T h e   D a t a b a s e   f o r   A n-
notation,  Visualization  and  Integrated  Discovery 
( D A V I D )   w a s   u s e d   t o   a s s i g n   t r a n s c r i p t s   w i t h   G e n e  
Ontology  (GO)  terms  of three  categories as  well as 
functional over-representation in the clusters. A term 
was defined as significant enrichment when it had a 
Benjamini  adjusted  p   v a l u e   l o w e r   t h a n   0.1.  Kyoto 
Encyclopedia of Genes and Genomes (KEGG) data-
base was used for pathway analysis. 
Twelve samples and the transcriptional patterns 
of  differentially expressed genes were hierarchically 
c l u s t e r e d   ( H A C )   b y   c e n t r o i d   C l u s t e r   3 . 0   a n d   T r e e V i e w  
softwares  [7].   T o   d e t e r m i n e   t h e   o p t i m a l   n u m b e r   o f  
clusters, a second clustering step using partitioning 
a r o u n d   m e d o i d s   ( P A M )   f r o m   t h e   C l u s t e r   R   p a c k a g e  
was performed [8]. Only the  number of cluster com-
mon for both methods were used. 
Gene localization and integration in porcine QTL 
regions 
To  determine  whether  the  differentially  ex-
pressed genes could be associated with quantitative 
trait loci (QTL) regions related to muscle mass, chro-
mosomal localizations of these genes on the porcine 
genome were determined by the methods described 
previously [9, 10] as well as retrieving from published 
information. All Affymetrix probesets localized in the 
flanking markers of QTL regions  were  downloaded 
from the PigQTLdb [11].  
Results 
Differentially expressed transcripts over neo-
natal ages 
After digital processing of the array data, 14364 
transcripts (71% of all probesets) were present in the 
s k e l e t a l   m u s c l e   o f   n u r s i n g   p i g s ,   o f   w h i c h  13079, 12836, 
12590 and 12609 transcripts were expressed at 0, 7, 14 
and 21days of age respectively (GEO accession num-
bers: GSE22487). Among these expressed transcripts, 
1 8 2 2   t r a n s c r i p t s   w e r e   i d e n t i f i e d   a s   d i f f e r e n t i a l   e x-
pression over time course by MAANOVA algorithm, 
while 1327 transcripts by QVALUE algorithm. From 
these results, 1094 transcripts common to both algo-
rithms were identified as robust differential expres-
sion  (Supplementary  Material,  p  <  0.01,  q  <  0.05). 
These transcripts represented 961 genes and 19 ano-
n y m o u s   E S T .   A t   t h i s   s t e p ,   t h e   m a i n   c o n t r o l   g e n e s   o r  
the genes that were expressed at the same level during 
nursing period have been removed from the analysis. 
Pair-wise  comparisons  disclosed  that  large 
numbers  of  transcripts were differentially  expressed 
between any given two ages. In addition, the number 
of differentially expressed transcripts  as  well  as the 
value of the average fold changes varied between the 
four neonatal ages investigated. As shown in Table 2, 
the  most  changes in transcription occur between d0 
and  d7  with  up-regulated  transcripts  predominant 
over the down-regulated.  
 
 
Table 2. Summary of differentially expressed genes  
Change 
direction 
d0 vs d7  d7 vs d14  d7 vs d21  d14 vs d21 
up  285  12  10  8 
down  130  28  17  10 
all  415  40  27  16 
Average 
fold change 
6.85  2.57  3.39  2.50 
The differentially expressed genes of more than two fold changes in 
expression were counted. Values of distinct probes representing the 
same gene were averaged. 
 
 
Validation of microarray data by qRT-PCR 
Seven  genes  were  selected  to  validate  the  mi-
croarray results by qRT-PCR. The gene set included 
two genes of differential expression (CDKN3, MEG3) 
and five additional genes present on the array but not 
significant difference, of which four genes belongs to 
insulin signaling pathway leading to translation initi-
ation  (PTEN,  PDK1,  4EBP1,  mTOR)  and  one  is  an 
important  modulator  of  extracellular  signals 
(PIK3CG). As expected, expression patterns of these 
genes were in well agreement with the data of micro-
array analysis (Pearson correlation coefficient > 0.94, 
Fig.  1),  demonstrating  the  reliability  of  microarray 
analysis. Int. J. Biol. Sci. 2010, 6 
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Temporal changes of differentially expressed 
genes 
To analyze how the 1094 differentially expressed 
transcripts c o u l d   c l a s s i f y   t h e   m u s c l e   s a m p l e s   o f   the 
four  ages,   a   c l u s t e r i n g   o f   t h e   t w e l v e   a r r a y s   w a s   p e r-
formed with the comb i n a t i v e   u s e   o f   P A M   a n d   HAC. 
The  arrays  could be divided into 3 distinct classes: 
three arrays of each age were initially clustered to-
gether, then d14 and d21 were clustered together, and 
d7  and  d0  was clustered into a single class respec-
tively (Fig. 2A). 
Temporal  co-expression  classes  formed  by  the 
1094 differentially expressed transcripts were further 
analyzed. Based on the mean silhouette width given 
by PAM, the best score was 2 classes (Fig. 2B), but this 
was poorly informative from a physiological point of 
view. Therefore, the second best score with 3 classes 
was  chosen.  As  the  mean  silhouette  width  for  the 
s e c o n d   b e s t   s c o r e   i s   0 . 4   w h i c h   m e a n s   t h a t   t he structure 
of clusters given by PAM is weak and could be artifi-
cial,   o n l y   H A C   a l g o r i t h m   w a s   u s e d .  The HAC analy-
s i s   a l s o   s h o w e d   2   m a i n   b r a n c h e s   ( u p -regulation  ver-
sus down-regulation of transcripts after birth), and a 
threshold  was  possibly  determined  to  separate  3 
clusters  (Fig.  2A).  Thus,  the  1094  differentially  ex-
pressed transcripts fell into 3 typical expression pat-
t e r n s   t h a t   g a v e   r i s e   t o   3   d i s t i n c t   c l u s t e r s   o f   g e n e s   ( Fig. 
2A): (i) 241 (22%) transcripts showing increased ex-
pression after birth, with the highest expression levels 
at 7 days of age (cluster 1); (ii) 374 (34%) transcripts 
demonstrating increasing expression levels over  time 
course  (cluster  2);  and  (iii)  479  (44%)  transcripts 
down-regulated after birth (cluster 3). 
 
 
 
 
 
 
Fig. 1. Validation of the Microarray data by qRT-P C R   o f   seven genes. T h e   x -a x i s   r e p r e s e n t s   t h e   g e n e s   a n d   t h e   y -axis shows 
the relative gene expression (mean ± s.e.). For each gene from left to right, bars display the transcript levels at d0, d7, d14 
and d21 respectively, with four from real-time PCR (black) and four from microarray (grey). R indicates the Pearson 
correlation coefficient. * shows significance level at p<0.05.  Int. J. Biol. Sci. 2010, 6 
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Fig. 2. Cluster analysis of differentially expressed genes. (A) Hierarchical cluster b a s e d   o n   t h e   d a t a   a d j u s t m e n t   o f   m e d i a n  
center and normalization. The colour of red, green and black represents expression levels of high, low and absent, re-
spectively. T h e   x -axis of each cluster indicates the neonatal ages, a n d   t h e   y -axis represents the average of log2 transformed 
expression values. (B) Mean width of clusters given by PAM depending on the number of clusters for transcripts.  
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GO and pathway analysis 
GO classification on the basis of the biological 
processes showed that certain functional categories of 
genes  were  over-represented  in  each  temporal  ex-
pression  cluster.  Genes  enriched  in  cluster  1  were 
mainly related  to intracellular signaling cascade and 
cell  cycle.  Cluster  2  was  specially  enriched  in  ho-
meostatsis   a n d   m o n o s a c c h a r i d e   m e t a b o l i s m .   T h e  
over-r e p r e s e n t a t i o n   o f   G O   t e r m s   i n   c l u s t e r   3   h i g-
hlighted genes representing macromolecule metabol-
ism,  cell  cycle  and  intracellular  transport.  Genes 
representing a number of functional categories based 
on cellular component were also enriched in specific 
clusters. Fo r   e x a m p l e , genes involved in myofibril and 
mitochondrion  were  enriched  in  cluster  2  and  3  re-
spectively,  whereas  non-membrane-bound  lumen 
genes  in  both  cluster  1  and  3.  Although  functional 
g r o u p s   o f   g e n e s   f o r   m olecular  function  showed  no 
significant enrichment in cluster 1 and 2, ribonucleo-
tide  and  nucleoside  binding  were  indeed 
over-represented in cluster 3. For the detailed top 10 
categories of the three processes refer to Table 3 and 4.  
KEGG pathway assignments were also enriched 
i n   e a c h   e x p r e s s i o n   p a t t e r n   c l u s t e r   ( T a b l e   5 ) .   F o c a l   a d-
hesion,  ECM-receptor interaction and Cell adhesion 
molecules were over-represented in cluster 1. Cluster 
2  included  Glycolysis/Gluconeogenesis,  Calcium 
signaling and Insulin signaling pathways. And cluster 
3  enriched  in  Spliceosome,   P r o t e a s o m e   a n d   A m i-
noacyl-tRNA biosynthesis pathways. 
Table 3. The top 10 GO terms of biological process and cellular component enriched in each cluster 
  Cluster 1  Cluster 2  Cluster 3 
GO term  %  GO term  %  GO term  % 
Biological 
process 
intracellular signaling cascade  15  response to organic substance  9  RNA processing  12 
cell cycle  13  homeostatic process  9  mRNA metabolic process  8 
cell cycle process  11  positive regulation of cell com-
munication 
7  negative regulation of macromole-
cule metabolism 
9 
mitotic cell cycle  10  protein complex biogenesis  7  mRNA processing  8 
cell cycle phase  10  protein complex assembly  7  cell cycle  8 
macromolecular complex subunit 
organization 
10  positive regulation of signal 
transduction 
6  positive regulation of macromole-
cule metabolism 
8 
macromolecular complex assembly  10  chemical homeostasis  6  RNA splicing  7 
negative regulation of macromole-
cule metabolism 
10  hexose metabolism  6  regulation of cellular protein meta-
bolic process 
7 
chromosome organization  9  monosaccharide metabolism  6  intracellular transport  7 
M phase  8  glucose metabolism  5  cellular macromolecule catabolism  7 
Cellular 
component 
non-membrane-bounded organelle  29  cytosol  14  membrane-enclosed lumen  22 
intracellular non-membrane- 
bounded organelle 
29  cell fraction  11  non-membrane-bounded organelle  21 
cytoskeleton  16  organelle membrane  10  intracellular non-membrane- 
bounded organelle 
21 
cytoskeletal part  13  actin cytoskeleton  4  intracellular organelle lumen  21 
chromosome  11  myofibril  3  organelle lumen  21 
microtubule cytoskeleton  11  contractile fiber part  3  nuclear lumen  17 
chromosomal part  10  contractile fiber  3  cytosol  17 
microtubule  7  membrane raft  3  mitochondrion  16 
chromatin  5  sarcomere  3  organelle membrane  10 
spindle  5  MHC protein complex  2  ribonucleoprotein complex  10 
 
Table 4. The top 10 GO terms of molecular function enriched in cluster 3 
GO term  % 
purine nucleotide binding  17 
purine ribonucleotide binding  17 
ribonucleotide binding  17 
adenyl nucleotide binding  17 
purine nucleoside binding  16 
nucleoside binding  16 
adenyl ribonucleotide binding  16 
RNA binding  15 
ATP binding  15 
cellular macromolecule catabolism  7 
 Int. J. Biol. Sci. 2010, 6 
 
http://www.biolsci.org 
633 
Table 5. Genes belonging to KEGG pathways enriched in each cluster 
Cluster 1  Count  Pvalue  Cluster 2  Count  Pvalue  Cluster 3  Count  Pvalue 
Focal adhesion  7  3.15E-2  Glycolysis/Gluconeogenesis  10  1.26E-5  Spliceosome  22  1.08E-11 
ECM-receptor 
interaction 
5  3.77E-2  Calcium signaling pathway  12  3.15E-3  Proteasome  14  1.57E-10 
Cell adhesion 
molecules 
6  4.88E-2  Insulin signaling pathway  10  5.67E-3  Aminoacyl-tRNA 
biosynthesis 
7  7.37E-4 
      Gap junction  7  2.16E-2  Ribosome  7  3.00E-2 
 
 
Genome mapping and deletion effect of the dif-
ferentially expressed genes 
To disclose the importance of the 1094 differen-
tially  expressed  transcripts  for  neonatal  muscle  de-
velopment and growth, we first searched for previous 
information  and  found  that  115  genes  also  showed 
differential expression between muscles with distinct 
treatments  or  muscularity.  Then,  co-localization  of 
these genes with known QTLs related to muscle mass 
were determined using their flanking genetic mark-
e r s .   T h e   m o u s e   h o m o l o g o u s   I D s   w e r e   f u r t h e r   u s e d   to 
search  the  MGI  database  for  gene  deletion  effects. 
Thereby, 27 genes were found to be localized within 
porcine  QTL  chromosomal  regions,   a n d   3 7   have 
marked deletion effects in mice (Table  6).  The  traits 
associated  with  these  QTLs  included  production  (8 
genes) and meat quality (19 genes), while the deletion 
effects  are  related  to  muscle  phenotypes  (11  genes) 
and neonatal lethality (3 genes) as well as embryonic 
and  postnatal  growth (7) and body weight and size 
(16 genes). 
Discussion 
Our study is the first report on gene expression 
p r o f i l i n g   o f   s k e l e t a l   m u s c l e   i n   n e o n a t a l   p i g s   b e f o r e  
weaning.  More  than  one  thousand  transcripts  dis-
played differential expression during this period. A 
number  of  transcripts  were  up-regulated  and 
down-regulated (55% vs 44%) after birth. Moreover, 
the  most  marked  changes  in  transcription were ob-
served  between  d0  and  d7,  with  the  up-regulated 
predominant  over  the  down-regulated.  These  find-
ings  suggest  the  rapid  adaption  in  transcription  of 
neonatal  pigs  to  postnatal  muscle  growth,  and  that 
there may be many genes involved in the develop-
ment and growth of neoantal skeletal muscle (Table 
6).  
 
 
Table 6. Genes showing co-localizatin with QTL regions or deletion effects 
Gene  QTL (chromosome/flank)  Deletion effect   Samples for differential expression  Ref. 
Cytoskeleton, muscle contraction and extracellular matrix 
GAMT  LMA (2/MYOD1-SW395)  decreased body weight   cultured myotubes and skeletal 
muscle biopsies 
[38] 
ANKRD2    weight gain 
PLEC1    decreased muscle weight  skeletal muscle of burned children 
and controls 
[39] 
TNNC1    abnormal cardiac muscle morphology  LD of neonatal Duroc and Taoyuan 
pigs 
[40] 
COL4A1    embryonic growth retardation 
CRYAB    abnormal skeletal muscle fiber mor-
phology 
CSRP3    enlarged myocardial fiber  skeletal muscles of ankle fracture 
patients and healthy volunteers 
[41] 
TTN  TEND (2/SWR308)   decreased embryo size 
MYL2    abnormal cardiac muscle contractility  red and white muscle of pigs  [42] 
CASQ2  ADG (4/SW512-SW58)   increased cardiac muscle contractility 
Cell signaling 
PPP2CA    decreased embryo size  skeletal muscle of ankle fracture 
patients and healthy volunteers 
[41] 
IRS1    decreased body size 
MAPK6  ADG (1/S0312-SW2166)  neonatal lethality 
EGF    postnatal growth retardation  red and white muscle of pigs  [17] 
GHR  LMA (16/SW419-S0077)  decreased body weight  cultured myotubes and skeletal 
muscle biopsies 
[38] 
S100A1  BFM (4/SW1967-SW512)  decreased cardiac muscle contractility 
CSNK2A1    decreased body length  red and white muscle of pigs  [42] 
Protein synthesis, proteolysis, and protein transport 
MEF2C  WHC (2/SW1564-SW1370)  decreased cardiac muscle contractility  red and white muscle of pigs  [17] Int. J. Biol. Sci. 2010, 6 
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GATA6  21DWT (6/S0146-S0003)  embryonic growth retardation 
RPL35A  LOINWT (13/S0068- SW398)    LD muscle of Landrace and Tong-
cheng pigs 
[43] 
RPL36A  ADG (1/S0313-S0082)   
IGF2  LMA (2/S0141- SW240)  abnormal postnatal growth 
PKB    high neonatal mortality  hypertrophy and unloading muscle  [37] 
UBC  TWPLWT(14/SW1125-SW1709)  postnatal growth retardation  cultured myotubes and skeletal 
muscle biopsies 
[38] 
CAPN3    decreased body weight 
APP  SHEAR (13/SW398-SW1056)  decreased body size 
PSMC6  ADG (1/S0313-S0082)    mouse skeletal muscle of myostatin 
propeptide transgene and wild-type 
[27] 
Glycolysis and metabolism 
PGAM2  DIAMF (18/SW1023)    skeletal muscle of burned children 
and controls 
[39] 
ALDH2    muscle phenotype  LD of cattles divergent for muscle 
growth and intramuscular fat 
[44] 
MB  BW (14/S0058-S0007)   
PFKFB3    embryonic lethality  mouse skeletal muscle of myostatin 
propeptide transgene and wild-type 
[27] 
ND6    abnormal cardiac muscle morphology  LD of neonatal Duroc and Taoyuan 
pigs 
[40] 
ATP6V1G1  LOINWT (1/SW1828-SW1301)   
GPD1  LOINWT (5/S0018-SW995)    cultured myotubes and skeletal 
muscle biopsies 
[38] 
HBB  KHAM (2/SWC9-SW2623)  decreased body size 
PFKM    abnormal muscle physiology 
AMPD1  LMA (4/S0073-ATP1A2)    LD of Yorkshire and Meishan pigs  [34] 
TCAP    muscular dystrophy  LD of pigs with distinct shear force  [10] 
Cell cycle, cell growth, and cell death 
BNIP3L    decreased body weight  cultured myotubes and skeletal 
muscle biopsies 
[38] 
CLIP1  TWPLWT (14/SW1125-SW1709)   
PPP3CB  ADG (14/SW210-S0007)  decreased body weight 
CDK4  ADG (5/SWR453-SW332)  increased body weight  skeletal muscle from hindlimb sus-
pended mice and controls 
[14] 
RAF1    embryonic growth retardation  skeletal muscle of ankle fracture 
patients and healthy volunteers 
[41] 
IGFBP5  LMDEP (15/SW1683)  decreased body weight  soleus muscle of overloaded and 
unloaded mice 
[45] 
IGF1    postnatal slow weight gain 
Others/unknown 
B2M    decreased body size  LD of Landrace and Tongcheng  [43] 
AQP3  LEANP (1/SW1092-SW1311)    red and white muscle of pigs  [17] 
POPDC3  ECLC (1/SW1851-S0312)    cultured myotubes and skeletal 
muscle biopsies 
[38] 
NUCKS1  LMA (9/S0109-S0295)   
LMA, loin muscle area; TEND, tenderness; ADG, average daily gain; WHC, water holding capacity; 21DWT, body weight (3 weeks); 
LOINWT, loin weight; TWPLWT, Trimmed wholesale product / live weight; DIAMF, diameter of muscle fibers; BW, body weight; KHAM, 
knuckle ham weight; SHEAR, shear force; BFM, backfat at mid-back; LMDEP, loin muscle depth; LEANP, lean meat percentage; ECLC, 
estimated carcass lean content. 
 
 
D u r i n g   p o s t n a t a l   g r o w t h ,   t h e   i n c r e a s e   i n   s k e l e t a l  
m u s c l e   m a s s   i s   m a i n l y   d u e   t o   m u s c l e  hypertrophy. 
This process is accompanied by the proliferative ac-
tivity of satellite cells,  which incorporate new  myo-
nuclei  to  existing  myofibers,   t h u s   r e s u l t s   i n   a n   i n-
creased DNA content and further provides the ma-
chinery  for  protein  deposition  [12].  GO  analysis 
d e m o n s t r a t e d   t h a t   g e n e s   i n v o l v i n g   c e l l   c y c l e   w e r e  
over-represented in both cluster 1 and 3. Genes asso-
ciated  with  pathways  corresponding  to  Focal  adhe-
sion,  ECM-receptor  interaction  and  Cell  adhesion 
molecules  were  also  enriched  i n   c l u s t e r   1 .   The  cell 
cycle is the  series  of  events  that  take place in a cell 
leading to its division and replication. ECM compo-
nents contribute to formatio n   o f   m u s c l e   niche. Specific 
interactions between cells and the ECM interactions, 
mediated  by  transmembrane  molecules  or  other 
cell-surface-associated components, lead  to  a control 
of cellular activities such as adhesion, migration, dif-
ferentiation, proliferation and apoptosis. Focal adhe-
s i o n s   a r e   l a r g e ,   d y n a m i c   p r o t e i n   c o m p l e x e s  that serve 
as the mechanical linkages to the ECM, thus play es-
sential roles in important biological processes such as 
cell  motility,  proliferation  and  differentiation.  The 
temporal expression patterns of genes corresponding 
to these pathways indicate the considerable capacity 
for satellite cell activities and skeletal muscle devel-
o p m e n t   d u r i n g   t h e   f i r s t   w e e k   p o s t n a t a l l y ,   b u t   i t   b e-
gins to decline afterwards, in agreement with recent 
finding that in mice there is a linear fall in satellite cell 
n u m b e r s   a t   1 4   d a y s   o f   a g e ,   until the adult number is 
reached by 21 days [13]. Importantly, several crucial 
transcription factors i n   t h e   r e g u l a t i o n   o f   c e l l   g r o w t h ,  
proliferation  and  differentiation,   s u c h   a s   C D K 4 ,  Int. J. Biol. Sci. 2010, 6 
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MEF2A, MEF2C, EGF and GATA6, showed differen-
tial  expression.   C D K 4   i s   a   m e m b e r   o f   the  cyc-
lin-dependent kinase family, which are key regulatory 
enzymes  of  mitotic cell cycle progression.   I t   h a s   re-
duced  expression  in  the  soleus  muscle  of  hindlimb 
suspended  mice  [14].  Previous  studies  have  estab-
lished  that  the MEF2 genes  (MEF2A, -B, -C, -D)  are 
members  of  the  MADS  gene  family.  Their  proteins 
can activate transcription by binding to a conserved 
A/T-rich sequence in the control regions of numerous 
muscle-specific genes,   a n d   a r e   e x p r e s s e d   o n l y   i n   d e-
veloping muscle with MEF2A and MEF2C being spe-
cific to differentiated skeletal and cardiac muscle [15]. 
I n   o u r   d a t a ,   the  opposite  regulation  of  MEF2A 
(up-regulatied)  and  MEF2C  (down-regulated)  indi-
cate the nonredundant functions of the MEF2 isotypes 
as  described  previously [16].   T h i s   n o t i o n   i s   further 
supported by recently finding that expression levels 
o f   M E F 2 C   w e r e   h i g h e r   i n   s o l e u s   ( a   o x i d a t i v e   m u s c l e )  
than  in  LD  (a  fast  twitch  glycolytic  muscle)  [17]. 
Transcripts  of  GATA6  and  EGF  were  also 
up-regulated in soleus compared to those in LD [17]. 
During  development  GATA6  becomes  the  only 
member  of  the  GATA family  expressed in  vascular 
smooth  muscle  cells,  and  possibly  regulate  the  ex-
pression of myosin light chain kinase, calponin and 
actin in skeletal muscle cells by binding at the  con-
sensus  sequence  (A/T/C)GAT(A/T)(A)  [17],  while 
EGF  encodes  a  growth  factor  that  demonstrates  its 
functions b y   b i n d i n g   t o   i t s   r e c e p t o r   E G F R .   O f   p a r t i c-
ular interest was the increased expression of MSTN 
and IGFBP5 after birth. MSTN, also known as growth 
differentiation  factor  8 (GDF-8 ) ,   i s   a   m e m b e r   o f   t h e  
transforming growth factor-β superfamily which has 
b e e n   c o n s i d e r e d   a s   a   n o v e l   a n d   u n i q u e   n e g a t i v e   r e g-
ulator of muscle mass. It inhibits myoblast cell proli-
feration  and  differentiation,  maintains  the  satellite 
cells  in  a  quiescent  state by the control of cell cycle 
progression, and can induce atrophy via an inhibitory 
effect on translation [18]. IGFBP5 has been postulated 
to inhibit muscle cell differentiation, and is known to 
sequester IGF, leading to decreases in protein synthe-
sis [19]. Therefore, all these genes might be the im-
portant  candidates  worth  further  investigating  on 
controlling neonatal growth and meat quality.  
In  ne o n a t a l   p i g s ,   t h e   r a p i d   g r o w t h   o f   s k e l e t a l  
muscle is driven by the high rate of protein deposition 
due  to  the  high  fractional  rate  of  protein  synthesis, 
and this rate decreases sharply with age [3]. Indeed, 
genes related to m R N A   p r o c e s s i n g   a n d   p r o t e i n   s y n-
thesis  were  enriched  in  cluster  3,  which  showed  a 
developmental decline in expression. As the elevated 
capacity  for  muscle  protein  synthesis  is  driven  by 
high  ribosome  content  [3],  the  down-regulation  of 
ribosomal  genes  also  suggests a developmental  de-
cline  in  protein  synthesis.   O f   t h e   r i b o s o m e   p r o t e i n  
genes, RPL15 and RPS7, RPS10 have been reported to 
be down-regulated from  75-d fetal to 1-wk postnatal 
muscle  samples  [20].  Consistently, genes responsible 
for intracellular transport also showed the decreased 
expression with age.  
I n   c o n t r a s t ,   t h e r e   w a s   a   e l e v a t e d   e x p r e s s i o n   o f  
genes involved in energy metabolism pathway.  The 
elevated energy level was also supported by the high 
a n d   d e v e l o p m e n t a l   u p -regulation of creatine kinase in 
muscle (CKM), associated with hypertrophic growth 
of muscle [21].  Several  key genes involved in Glyco-
lysis/Gluconeogenesis  pathway,  including  PFKFB3, 
GAPDH,  PGM1  and  PGAM2,   a l s o   s h o w e d   t h e   e l e-
vated expression. PFKFB3  has been shown as a  po-
werful activator of glycolysis, and a SNP i n   t h e   3 '   u n-
t r a n s l a t e d   r e g i o n   o f   t h e   g e n e   i s   a s s o c i a t e d   w i t h   o b e s-
ity in humans [22]. GAPDH encodes an enzyme that 
c a t a l y z e s   t h e   s i x t h   s t e p   o f   g l y c o l y s i s . In  addition  to 
this  long  established  metabolic  function,  it  has  re-
cently  been  implicated  in  non-metabolic  processes, 
such as initiation of apoptosis [23],   a n d   h a s   b e e n   r e-
ported as up-regulation in skeletal muscle from 75-d 
prenatally to  1-wk postnatally [20]. PGM1 catalyses 
the interconversion of glucose-1-phosphate and glu-
cose-6-phosphate  in  the  presence  of  glu-
cose-1,6-diphosphate  and  Mg2+,  while  PGAM2  en-
codes the muscle subunit of the enzyme that catalyzes 
the  interconversion  of  2-  and  3-phosphoglycerate. 
Mutations in PGAM2 cause muscle phosphoglycerate 
mutase  efficiency,  also  known  as  glycogen  storage 
disease  X,  and  is  associated  with  ham  weight  [24]. 
Together  with  the  decrease  in  expression  of  mito-
chondrial  genes, these findings indicate that growth 
potential  of  skeletal  muscle  is  associated  with  in-
creased expression of genes involved in glycolysis as 
demonstrated previously [25]. 
Of  particular  note  is   t h e   e x p r e s s i o n   p a t t e r n s   o f  
genes  belonging  to  insulin  signaling  pathway  that 
lead  to  translation  initiation.  Components  of  the 
pathway and their variation in protein abundance and 
activation during neonatal period have been well re-
viewed [3].   T h e   o b s e r v a t i o n   t h a t   t r a n s c r i p t   l e v e l s   o f  
P D K 1   a n d   P K B   d e c r e a s e d   w i t h   a g e   i n   t h e   s k e l e t a l  
muscle  of  nursing  pigs  parallels  with  the  develop-
mental decline in the abundance of protein. And, the 
finding that the expression of 4EBP1 and S6K1 did not 
change with age is also consistent with previous data. 
Interestingly,  IRS1  showed  increased  expression  le-
v e l s   w h i l e   m T O R   d i d   n o t   c h a n g e   w i t h   a g e ,   c o n t r a-
dicting their developmental decline in protein activa-
t i o n .   T h i s   m a y   b e   d u e   t o   the  enhanced  Ser/Thr 
phosphorylation of insulin receptor and IRS1, which Int. J. Biol. Sci. 2010, 6 
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plays a   c r i t i c a l   b u t   n e g a t i v e  role in insulin signaling, 
and  involves  the  development  of insulin  resistance 
[26]. Taken together, ontogenic changes in transcript 
of genes involving insulin signaling pathway in ske-
letal muscle of neonatal pigs also contribute to the 
developmental decline in protein synthesis. 
The  control  of  protein  degradation  provides 
another mechanism for protein deposition in  skeletal 
muscle. There are four proteolytic systems in skeletal 
muscle,  including  the  proteasome,  calpain,  caspase 
and lysosomal system. Proteasomes cleave peptide in 
an ATP/ubiquitin-dependent process. The addition of 
ubiquitin  to  protein  during  post-translational  mod-
ification is a key step in protein degradation.   I n   t h i s  
work, genes involved  in proteasome  pathway  were 
over-represented  in  cluster  3.  Consistent  with  this 
result, several ubiquitin-specific protease (USP) genes, 
such  as  USP13  (p=0.038,  q=0.17),  USP25  (p=0.01, 
q=0.09), USP34 (p=0.03, q=0.15) and USP44 (p=0.003, 
q=0.06), which remove ubiquitin from  ubiquitylated 
substrates  t o   r e s c u e   t h e m   f r o m   d e g r a d a t i o n   by  the 
proteasome,  were  up-regulated  with  development. 
Interestingly,  expression  of  CAPN3  and  CASP8  in-
creased  after  birth.  CAPN3,  a  member  of  caspase 
family,  has  reported  to  be  down-regulated  in  the 
muscle  of  transgenic mice expressing myostatin pro-
peptide [27].   I t   i s   k n o w n   t o   b i n d   s p e c i a l l y   t o   t i t i n   [10], 
and mutations in the gene lead to limb-girdle muscu-
lar  dystrophy  type  2A  [28].  Moreover,  CAPN3  has 
shown to be a   p o t e n t i a l   m a j o r   g e n e   o r   i n   c l o s e   l i n k a g e  
disequilibrium  w i t h   a   Q T L   f o r   m u s c l e   g r o w t h   i n  
chicken [29].  The CASP8 gene encodes a member of 
the caspase family,  w h i c h   p l a y s   a   c e n t r a l   r o l e   i n   t h e  
execution-phase  of  cell  apoptosis.  It  is 
well-characterized  to  initiate  an  apoptotic  pathway 
triggered by the external stimuli, and there is emerg-
ing  evidence  to  indicate  that  its  precursor,  procas-
pase-8, has an important function in cell adhesion and 
migration [30]. Collectively, these results suggest that 
enhanced  muscle  protein  accumulation  in  neonatal 
pigs is  also supported by decreased activities of de-
gradation. 
A   k e y   f i n d i n g   i n   o u r   s t u d y   i s   t h a t   a   n u m b e r   o f  
differentially expressed genes co-localized with por-
cine QTLs. Of the 49 genes listed in Table 6, 15 genes 
(GAMT,  TTN,  CASQ2,  MAPK6,  MEF2C,  GATA6, 
GHR, UBC, HBB, APP, PPP3CB, S100A1, CDK4, IGF2 
and IGFBP5)  also  show marked deletion effects. Es-
pecially, a multitude of studies have established that 
some  of  these  genes  have  obvious  functional  rela-
tionship with muscle phenotypes or meat quality. For 
example,  together  with  arginine:glycine  amidino-
transferase,  GAMT is the enzyme required for crea-
t i n e   s y n t h e s i s   t h a t   h a v e   a n   i m p o r t a n t   r o l e   i n   t h e   d e-
velopment of embryonic and perinatal skeletal mus-
cle.   I n   t h e   m o u s e ,   up-regulation of both genes in ma-
t u r e   m d x   m u s c l e  may help limit the cellular energy 
f a i l u r e   a s s o c i a t e d   w i t h   t h e   a b s e n c e   o f   d y s t r o p h i n  [31]. 
IGF2  has  been  identified  as a paternally expressed 
gene  co-localized with a  maternally  imprinted  QTL 
with major effects on muscle mass and fat deposition 
[32]. I t s   e f f e c t s   a r e   f u r t h e r   s u p p o r t e d   b y   t h e   f i n d i n g  
that a mutation in intron 3 i s   a s s o c i a t e d   w i t h   w e i g h t   o f  
loin and ham, loin eye area, carcass meat percentage 
and average backfat thickness [33]. It is interesting as 
the 15 genes might be the candidates for correspond-
ing  QTLs.  I n   f a c t ,   t h e r e   a r e   s o m e   a n a l o g o u s   genes 
among  the  others  listed  in  Table  6.  For  example, 
AMPD1,  which  plays  a  central  role  in  the  purine 
nucleotide  cycle  and  energy  metabolism  in  skeletal 
muscle of mammals, is associated with loin muscle 
area, loin muscle height and average backfat thickness 
[34]. K n o c k o u t   o f   T C A P   i n   m i c e   l e a d s   t o   limb-girdle 
muscular dystrophy type 2G [35],  and expression of 
t h e   g e n e   i n   p o r c i n e skeletal muscle of F2 individuals is 
correlated  with  Warner-Bratzler  Shear  Force  [10]. 
Moreover,  Lobjois  et  al.  [10]  have  revealed  that 
BNIP3L,  IGF2 and  MEF2A are  involved in  the  net-
work  of cell  proliferation  and  myogenic  differentia-
tion, that APP, PGAM2 and UBC are involved in the 
network  of  energetic  metabolism  and  tissue  mor-
phology,  and  that  CAPN3,  TCAP  and  TTN  are  in-
volved  in  the  network  of  muscle  development  and 
function. In addition, CLIP1 interacts with mTOR [36]. 
IGF1 have  been  widely  investigated  as  a candidate 
gene for growth improvement in both  cattle and pig 
[19].  And  PKB  can potentially  attenuate  the  loss  of 
muscle mass and function [37]. A l l   t h e s e   r e s u l t s   p r o-
vide  indications  of  potential  important  genes  that 
warrant  further  investigation  on  postnatal  muscle 
growth and meat quality in pigs.  
In summary, our work has identified the global 
changes in gene expression and functional categories 
of  genes  that  contribute  to  early  postnatal  develop-
m e n t   a n d   g r o w t h   o f   s k e l e t a l   m u scle of pigs. Moreo-
ver,  we  showed  49  of  the  differentially  expressed 
genes within published QTL regions  or with marked 
deletion effects. Function of many o f   t h e s e   genes i s   n o t  
yet  well  known.  The  present  microarray  analysis 
provided  potential  cascades  and  important  candi-
dates for further investigation on controlling of post-
natal muscle growth and meat quality in pigs.  
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